The purpose of this work was to measure viscosity of fluids at low microliter volumes by means of quartz crystal impedance analysis. To achieve this, a novel setup was designed that allowed for measurement of viscosity at volumes of 8 to 10 µL. The technique was based on the principle of electromechanical coupling of piezoelectric quartz crystals. The arrangement was simple with measurement times ranging from 2 to 3 minutes. The crystal setup assembly did not impose any unwanted initial stress on the unloaded quartz crystal. Quartz crystals of 5-and 10-MHz fundamental frequency were calibrated with glycerol-water mixtures of known density and viscosity prior to viscosity measurements. True frequency shifts, for the purpose of this work, were determined followed by viscosity measurement of aqueous solutions of sucrose, urea, PEG-400, glucose, and ethylene glycol at 25°C ± 0.5°C. The measured viscosities were found to be reproducible and consistent with the values reported in the literature. Minor inconsistencies in the measured resistance and frequency shifts did not affect the results significantly, and were found to be experimental in origin rather than due to electrode surface roughness. Besides, as expected for a viscoelastic fluid, PEG 8000 solutions, the calculated viscosities were found to be less than the reported values due to frequency dependence of storage and loss modulus components of complex viscosity. From the results, it can be concluded that the present setup can provide accurate assessment of viscosity of Newtonian fluids and also shows potential for analyzing non-Newtonian fluids at low microliter volumes.
INTRODUCTION
Various methods and techniques exist for the measurement of fluid viscosity ranging from viscometers that are based on the principle of measuring the time required for a fluid to flow through thin capillaries to fluid shearing viscometers that shear the fluid between rotating cup and bob or cone and plate type assemblies. 1, 2 The volume of the liquid sample required by these viscometers can vary from a few hundred microliters to milliliters. A specialized capillary flow viscometer marketed by the Cannon Instrument Co (State College, PA), the Cannon Manning Semi-Micro Viscometer, can use a minimum volume of 0.5 mL of liquid sample just like the cone and plate type viscometer marketed by Brookfield Engineering Laboratories (Middleboro, MA). The most commonly used rotating cup and bob type viscometer, the Brookfield Viscometer, can go to a minimum of 2 mL sample volume with a specialized small sample adapter accessory, whereas the minimum sample required for an Anton Paar (Ashland, VA) Automated Falling Sphere Microviscometer is 150 µL. However, certain pharmaceuticals and biological fluids are either expensive or are available in extremely limited quantities. This is especially true for solutions of novel molecules that are in early stages of pharmaceutical development and only a few milligrams or less of these compounds are available. The rheological analysis on these compounds must be performed using microliter volumes.
Ultrasonic shear rheometry is a promising technique for rheological analysis of liquids and films and nondestructive testing of materials. 3 The pioneering work in this field was done by Mason and coworkers 4, 5 who studied viscosity and highfrequency elasticity of several polyisobutylene fluids at ultrasonic frequencies by employing quartz crystal vibrating in the torsional and shear modes. Since then the technique has evolved as a nonconventional means of assessing rheological characteristics of various fluids. Various workers have employed this technique for assessing fluid properties at milliliter volumes [6] [7] [8] [9] as well as for studying viscoelastic properties of network forming gels 3, 10 and thin polymeric films. [11] [12] [13] Ash et al 14 have employed quartz crystals oscillating at 10 MHz for viscosity measurement of certain industrial oils at volumes of 0.5 µL. However, measurements at such low volumes are practically not feasible for aqueous solutions as evaporation effects on fluid density and viscosity will predominate within the time scale of making any such measurement. Kudryashov et al 3 have monitored gelation of acidified milk at volumes of 1 mL by placing the quartz crystal between 2 viton o-rings followed by fixing a glass tube onto the crystal that served as the sample holder. This design is not much different from cells that are available for conducting surface mass change experiments based on quartz crystal microbalance technique. Although simple to design, such a setup places an initial stress on the quartz crystal leading to an increase in the crystal damping (losses) even before any liquid sample is placed on the crystal. These initial losses indirectly affect the stability and reproducibility of the oscillation through their effect on the quality factor (Q) of the quartz crystal. 15 For such a setup, the time required for an unloaded crystal, ie, crystal that is still not loaded with the test liquid, to stabilize is greater, which leads to longer measurement times. In addition, there is a slow drift in the losses for an unloaded crystal itself with time, which is difficult to control and account for. Alternative arrangements are available that employ adjustable crystal holding assemblies in order to regulate the initial stress on the crystal, but then leakage of the test liquid beyond the electrode region of the crystal can lead to fringe effects and inconsistencies in the area covered by the liquid.
In this paper, we present a novel setup based on the principle of ultrasonic shear rheometry for measuring viscosity of pharmaceutically relevant aqueous solutions at low volumes of 8 to 10 µL and discuss various factors that can have a bearing on the consistency of the results. The arrangement is simple and as the crystal itself is not compressed between any orings or holding assemblies, initial stabilization of an unloaded crystal is fast and there are no unwanted stresses or losses imposed on the crystal. This technique provides a control over the area being covered by the test liquid, experimental ease in terms of short testing times of around 2 to 3 minutes, and ease of washing and handling of crystals between successive experiments.
IMPEDANCE ANALYSIS OF QUARTZ CRYSTALS

Piezoelectric Viscosity Sensor
The piezoelectric quartz crystal forms the heart of the viscometer discussed here. When pressure or deformation is applied to a properly cut quartz crystal, a separation of charges occurs that leads to a build up of a potential difference across the 2 ends of the crystal with the magnitude of the developed potential difference being proportional to the applied stress. The converse piezoelectric effect, on which the discussed viscometer is based, involves a deformation of the quartz crystal resulting from the application of a potential difference across the crystal faces. As and when the applied potential is reversed, the crystal deforms in the opposite direction resulting in mechanical vibrations. AT cut crystals vibrating in the thickness shear mode (TSM), with displacement parallel to the surface, are used for such applications. AT refers to a specific orientation at which the crystal is cut from the quartz bar in order to yield a low temperature coefficient i.e. shift in the crystal frequency with temperature. Shear mode vibrations are excited in the crystal at frequencies for which the thickness of the quartz crystal corresponds to an odd multiple of half of the acoustic wavelength. 16 A quartz crystal microbalance (QCM), discovered by Sauerbrey 17 in 1959, uses this setup to measure mass changes in the nanogram range as mass deposited on the electrode causes a decrease in the resonant frequency of the quartz crystal due to an increased thickness of the electrode.
A QCM can be used as a sensitive density and viscosity detector when operated in liquids as long as there is physical coupling between the quartz electrode and the liquid and molecular slip does not occur 18 (some authors 19 disagree with "interfacial slip" theory and attribute a poor physical coupling to presence of intervening gas phase). In 1985, Kanazawa and Gordon 8 derived the following relationship between the frequency shift and the viscosity-density product:
where ∆f is the frequency shift occurring on mass loading, f U is the crystal frequency under no load, µ q is the crystal shear modulus (2.947 × 10 11 gm/cm/sec 2 ), ρ q is the crystal density (2.651 g/cm 3 ), and ρ Liq and η Liq represent the liquid density and viscosity, respectively. However, with frequency shift being the only measured variable, it is not possible to distinguish between mass effects and the density-viscosity effects as both bring about a decrease in the crystal resonance frequency. Impedance analysis around crystal resonance frequency can simultaneously monitor resistance (damping) and frequency shifts and is thus able to separate these 2 effects.
Electrical Properties of Quartz and Electromechanical Coupling
The electrical properties of a quartz crystal can be described by means of a Butterworth van-Dyke (BVD) model of lumped electrical parameters also known as the lumped-element model (LEM) (Figure 1 ). R 1 represents the losses in the crystal, frictional, or thermal; L 1 represents the inertial mass of the crystal; and C 1 is a measure of the energy stored in the crystal during each oscillation. The complex impedance of a quartz crystal can be represented by the following relationship:
Unlike resistance, inductive and capacitive impedance are frequency dependent and together form the reactive or the imaginary part of the complex crystal impedance (X) with ω being the angular frequency in radians/sec. The ratio of the reactive part to the resistive part is defined as the phase
angle (θ). At a particular frequency, the inductive and the capacitive contributions of the motional arm are equal, and the reactive part reduces to zero, thereby minimizing the impedance of the crystal to just the resistive losses. This frequency is defined as the series resonant frequency f s as at this frequency the phase angle is zero and impedance of the motional arm is at a minimum (Z = R 1 ). The voltage and current are in phase at this frequency. Similar to crystal impedance, its inverse, admittance, can also be used to describe the quartz crystal. The series resonant frequency is characterized by a maximum in the frequency-admittance plot.
where, Y is admittance, G is conductance, and B is susceptance. At series resonant frequency just as both phase and reactance reduce to 0, so does susceptance. At these points conductance equals 1/R 1 .
By means of impedance analysis, one can determine quantitatively how shifts in the circuit parameters upon loading relate to the physical properties of the load. As a result of loading the quartz crystal electrode with liquid, the electrical parameters of the crystal are modified and can be represented as a modified Butterworth van-Dyke model ( Figure  2 ). The changes in the crystal capacitance on loading are extremely small and are not considered for liquid loadings. 20 The principle behind the use of a quartz crystal for measurement of fluid rheology is that of electromechanical coupling between the mechanical properties of the load and electrical properties of the crystal. 21 where R 2 is the real component of the motional impedance due to the surface load, X 2 = ωL 2 is the imaginary component of the motional impedance due to the surface load, N is the overtone number, K 2 is the piezoelectric coupling constant = 7.74 × 10 -3 (dimensionless), ω s is the series resonant frequency (radians/sec), C 0 is the static plus stray capacitance (farads), and Z q is the quartz mechanical impedance = 8.839 × 10 5 gm/sec/cm 2 , which equals (µ q ρ q ) 1/2 . The constant term for a specific frequency crystal, ie, is grouped together to give the constant A. Thus, R 2 is proportional to the real part of the mechanical impedance (R 2 ∝ Re (Z s )) and X 2 is proportional to the imaginary part of mechanical impedance (X 2 ∝ Im (Z s )) through the constant A. 24
Calculation of Circuit Parameters and Load Impedance
Under conditions of a load being placed on the crystal, the circuit admittance is represented as 7) can be fitted to the admittance data to obtain the parameters. The parameters C 1 and C 0 calculated for unloaded crystal can be used as such during fitting under loaded condition as they are assumed to undergo no change.
The surface electrical impedance arising due to deposition of a rigid mass layer is given by 23 and the surface electrical impedance parameters for a crystal loaded with a Newtonian liquid are given by 23 The decay length or the penetration depth (boundary layer) of the shear wave in a liquid media, δ, defined as the length at which the amplitude reduces to 1/exp of the initial amplitude, is proportional to the fluid kinematic viscosity. 25 
MATERIALS AND METHODS
Materials
Quartz crystals with a fundamental vibrating frequency of 5 and 10 MHz were obtained from International Crystal Manufacturing Co (Oklahoma City, OK). Glycerol USP was obtained from Fischer Scientific (Fair Lawn, NJ), PEG 400 and 8000 were obtained from Union Carbide Chemicals (Danbury, CT), ethylene glycol was obtained from Aldrich Chemical Co (Milwaukee, WI), sucrose was obtained from Pfizer (Groton, CT), and urea was obtained from United States Biochemicals (Cleveland, OH). All the chemicals used were of analytical grade. Deionized water equivalent to Milli-Q grade was used to prepare all solutions.
Crystal Characteristics and Surface Profile Analysis
Crystal blanks measured 0.538 inch in diameter. Electrodes were formed by vacuum evaporation of an adhesive layer of chromium of 10 nm thickness followed by a 100-nm thick layer of gold. Three types of crystals were used in the study. The first one with a fundamental vibrating frequency of 5 MHz had equal electrodes on both sides measuring 0.268 inch in diameter (Q1). The remaining 2 crystals with fundamental frequency of 5 and 10 MHz had different sized electrodes measuring 0.201 inch on one side and 0.391 inch on the other (Q2, 5 MHz and Q3, 10 MHz). Q1 crystals were used for initial standardization tests for correct frequency shift and resistance shift determination. Q2 and Q3 crystals were used for actual viscosity determination on liquid samples. The electrode finish was polished and not etched. Etched electrode surface can have surface features that are not small compared with the penetration depth of the acoustic waves in the fluid. For such a case, the effect of trapped fluid in the surface features can lead to deviation in the calculated values of R 2 and X 2 from the predicted values. To analyze surface roughness, NanoScope IV scanning probe microscope (Digital Instruments, Santa Barbara, CA) was used as an atomic force microscope in the contact mode. A standard silicon nitride tip with a nominal tip radius of 20 to 60 nm was used. The vertical resolution of the tip was less than 0.1 nm and lateral resolution was governed by the area of the crystal that was scanned for measurement. For a 5 µm × 5 µm area with 512 sampling points per line, the lateral resolution was 9.7 nm. A scan rate of 1.969 Hz was used for all measurements.
Impedance Measurement
The impedance analyzer used in the study was a Hewlett Packard HP4194A impedance/gain-phase analyzer (Agilent Technologies, Palo Alto, CA). The crystals were driven at 0.5 V with medium integration time and averaging of 1 second was used for all frequency scans in order to improve signalto-noise ratio. Repeated scans were performed until stable values of total resistance and frequency shift were achieved. The impedance analyzer was interfaced with a personal computer through an Agilent 82357A GPIB interface card and data collection was achieved by using a data acquisition program written in National Instruments' programming language Labview. Crystals were mounted and bonded to a metal holder that was further connected to the terminals of the impedance analyzer through an assembly of 2 kelvin clips and 4 75-ohm BNC coaxial cables to enable a 4-terminal pair impedance measurement configuration. The entire assembly comprising the crystal and the metal casing, which was used to cover the crystal during measurements in order to avoid air interference effects, were enclosed in a temperature control water jacket and the temperature was maintained at 25°C ± 0.5°C. No o-ring or any kind of holder was directly placed or stuck on the crystal. Temperature was measured with the help of a thermocouple inserted into the liquid sample through a small leak proof opening in the water jacket. An airtight seal between the crystal assembly and the water jacket was achieved by using vacuum grease to prevent any effect of evaporation on density and viscosity. All the param-
eters for the unloaded crystal, ie, R 1 , L 1 , C 1 , and C 0 were obtained by nonlinear fitting of the total admittance model (Equation 7) to the admittance frequency data. These parameters were used in subsequent experiments, under loaded conditions, to calculate resistance and reactance shifts.
Frequency and Resistance Shift Measurement
Different definitions of the frequency shift and resistance shift calculated for these characteristic frequencies under loaded conditions exist in the literature. 26 Some authors define frequency shift as that occurring in the position of Z min (frequency at minimum impedance), ie, ∆f Zmin , 27, 28 which is the same as the shift in f Ymax , whereas others consider the frequency shift as shift in frequencies at G max (frequency at conductance maximum), ie, ∆f Gmax under unloaded and loaded conditions. 14,21,28, 29 Kipling et al 30 define series resonant frequency as the frequency at which phase is 0, ∆f θ=0 . All these frequencies are the same under conditions of no load but begin to differ as load is added and as load properties change.
To test this, glycerol-water mixtures of known density and viscosity were tested with Q1 crystals and characteristic frequency, and resistance shifts were calculated as outlined in the next paragraph.
An impedance analyzer can simultaneously measure 2 parameters as a function of frequency, for example a G-B vs frequency or a Z-θ vs frequency measurement can be made. From G-B vs frequency scans, X 2 was calculated using ∆f Gmax values and R 2 was calculated as ∆ (1/G max ). Z-θ vs frequency scans were used to make 2 separate measurements. First, X 2 was calculated from ∆f Zmin values and R 2 was calculated as ∆Z min . Second, X 2 was also calculated from ∆f θ=0 and R 2 from ∆Z θ=0 .
Viscosity Measurement
Viscosity measurements were performed on aqueous solutions of sucrose, urea, PEG 400, glucose, ethylene glycol, and PEG 8000 at 25°C using Q2 and Q3 crystals. Eight to 10 µL of the liquid was placed on the smaller electrode by forming a drop of the liquid on the electrode. Sufficient time was allowed for the drop to attain thermal equilibrium and reach the set temperature, which was being continuously monitored, before performing frequency scans. The thermocouple was removed once the set temperature was reached. Total resistance and frequency shifts were calculated from the G-B vs frequency scans. Calibration of the crystals was done with glycerol-water mixtures of known density 31 and viscosity 32 in order to experimentally determine the constant "A," in Equation 5 , separately for each crystal. Each solution was analyzed 3 times and the results were averaged. Between each measurement, the crystal was thoroughly rinsed in deionized water followed by ethanol and dried in nitrogen until its initial values of resonant frequency and resistance under conditions of no load were obtained. If the initial value of frequency and resistance could not be obtained within 50 Hz and 5 ohms, respectively, of the new unused crystal, the crystal was not used any further and was discarded. Wiping off the crystal, in order to clean and dry it, was avoided as this can lead to electrode surface damage and make the surface rough. A rough surface can lead to fluid trapping and increased values of resistance and frequency shifts in a way similar to an etched electrode as explained earlier. 24 Figure 3 shows the effect of increasing viscosity-density product, achieved by means of glycerol-water mixtures at 25°C, on the values of R 2 and X 2 for a Q1 crystal. The values of R 2 and X 2 were calculated from the resonance frequency shifts that occur between different characteristic frequencies. The frequency shifts were measured between frequencies of G max , Z min , and θ = 0 for unloaded and loaded crystal. X 2 values were calculated from these frequency shifts. R 2 values were calculated from the difference between resistance at these frequencies under loaded and unloaded conditions. For Equation 9 to hold true for a Newtonian system (glycerol-water mixture) both R 2 and X 2 should vary linearly with and should be equal.
RESULTS AND DISCUSSION
Measurement of True Frequency and Resistance Shifts
From Figure 3 it can be seen that at low values of , R 2 and X 2 for all the frequency shifts are nearly equal but as increases further these values begin to diverge and move away from each other. The characteristic shifts in resistance (R 2 ) and reactance (X 2 ) for frequencies at Z min and θ = 0 tend to move away from linearity at high values of . X 2 values calculated from shift in ∆f Zmin show a positive deviation, whereas those calculated from ∆f θ = 0 show a negative deviation from linearity. On the contrary, R 2 values calculated as ∆Z θ=0 show a positive deviation whereas those calculated from ∆Z min show a slight negative deviation from linearity. Thus, these frequency and resistance shifts could not be used for viscosity analysis of fluids as they do not follow the expected linear trend for a Newtonian fluid. The reasons for such a nonlinear behavior were not investigated as they were beyond the scope of the present work.
However, the significant observation, from the point of view of the present study, is that the values of R 2 and X 2 calculated for shifts in peak conductance frequencies (∆f Gmax ) show a linear trend (r 2 = 0.9997 for R 2 and 0.9991 for X 2 ) and are nearly equal, which should be the case for a Newtonian liq-ρη ρη ρη ρη uid. Thus, the true frequency shift for the study of fluid viscosity was defined as the difference between frequencies at peak conductance, and the true resistance shift was defined as difference between 1/G max under loaded and unloaded conditions. For all the subsequent viscosity experiments, these shifts were noted and used for viscosity calculations.
A small difference that does exist between calculated R 2 and X 2 values for shift in ∆f Gmax needs to be explained. Whereas, R 2 is a direct function of inverse of G max , X 2 is a calculated value, which directly depends on L 2 or indirectly on the frequency shift. As the accuracy of the frequency shift depends on the resolution of the frequency scan, so would the accuracy of X 2 . The HP4194A impedance analyzer can collect 401 points in the specified frequency scan range. On loading the crystal with the liquid, the conductance-frequency curve gets broader and flatter. 28 Thus, on liquid loading, the frequency scan range has to be increased in order to scan the crystal around the resonance frequency. This leads to a decrease in frequency resolution. However, this does not explain the fact that R 2 and X 2 deviate further from each other as the density-viscosity product increases, with R 2 increasing over X 2 . The deviation in R 2 and X 2 is probably due to a small contribution from elastic storage in glycerol-water mixtures. Glycerol-water mixtures have been shown to exhibit some viscoelastic character at high megahertz frequencies at high glycerol concentration. 33 In Figure 3 , a of 0.7435 g/cm 2 /sec 1/2 corresponds to 80% glycerol wt/wt. This observation of viscoelasticity of a solution leading to differences in R 2 and X 2 values is dealt with later in the section where the results of rheological analysis of PEG 8000 are discussed.
Viscosity Measurement of Newtonian Fluids
During viscosity measurement experiments, due attention was given to the penetration depth of the acoustic waves in the fluid and the placement of the liquid on the electrode as this can have a significant bearing on the reproducibility of the results. The penetration depth (δ) of the acoustic shear wave in a liquid, which varies with the kinematic viscosity, 19 was greatest for 40% wt/wt sucrose solution at 530 nm for a 5-MHz crystal and 370 nm for a 10-MHz crystal. It was least for 10% wt/wt urea solution at 246 nm for a 5-MHz crystal and 174 nm for a 10-MHz crystal. For all the other liquids tested, the penetration depth was within this range as their kinematic viscosities were lower than that of 40% wt/wt sucrose solution and greater than that for 10% wt/wt urea solution. The liquid drop height was easily in excess of this height and was measured at around 1.5 to 2 mm. Enough volume of the liquid was added to ensure maximum coverage of the electrode without spilling the liquid on the electrode-free region of the crystal blank. This was critical for 3 reasons. First, any spillage of the liquid beyond the electrode leads to fringe effects. Fringe effects are observed when the electrode and electrode free regions of the crystal are simultaneously exposed to the liquid, which leads to poor reproducibility in the results as in such a case the total area exposed to the liquid is hard to control. This happens because in quartz crystals, a small region beyond the electrode regions also vibrates when a potential is applied and is thus piezoelectrically active. Second, such a placement of the liquid ensures equal area coverage by different liquids. This was significant as crystal response varies with the area covered. Third, the positioning of the drop on the electrode is also critical. The sensitivity of the quartz crystal to any external media varies with the positioning of the load. It is maximum at the center and then decreases in a Gaussian fashion radially outwards. 15 Thus, a small volume of liquid placed at the center will bring about a greater shift in the frequency and resistance than the same volume placed slightly off center. Complete coverage of the electrode ensured uniformity in drop placement as well. Table 2 for Q2 crystals and Table 3 for Q3 crystals. The reported values of fluid densities were used to calculate fluid viscosities. The significant observation from Table 2 and Table 3 is that the values of R 2 and X 2 were nearly equal for almost all the liquids tested, for both crystals, which again signifies that the liquids behaved as Newtonian fluids. Some differences that arise in the calculated values of R 2 and X 2 are probably due to the issue of frequency resolution and accuracy of X 2 calculation, ie, experimental error as discussed earlier. R 2 can exceed X 2 in the case of a contribution form elastic storage of energy for a viscoelastic fluid. However for liquids in Table 2 and Table 3 , where R 2 does exceed X 2 , the differences are probably not due to any viscoelastic contribution because these liquids have been shown to be purely viscous at the concentrations and frequencies tested. 34 Besides, even if there was some storage of energy occurring it would be insignificant as these differences are too small to amount to any significant viscoelasticity.
In certain cases, for example 10% to 40% wt/wt ethylene glycol solutions for Q2 crystals, X 2 exceeds R 2 ( Table 2 ) and this could be interpreted as a contribution from mass deposition (Equation 8). However, this does not hold true for the same solutions studied for a 10-MHz Q3 crystal (Table 3) . Had interference from mass deposition been the case, X 2 would have exceeded R 2 for both Q2 and Q3 crystals for the same solutions. For a Newtonian liquid, an increase in X 2 over R 2 can also occur if the crystal surface is not smooth and some liquid is trapped within these surface features. 19, 24 The electrode surface can be considered smooth and the effect of fluid trapping negligible if the ratio of the surface feature height (h) to the penetration depth (δ) is much less than unity (h/δ << 1). 19 The root mean square roughness (rms) calculated for Q2 and Q3 crystals, by atomic force microscopy, was ≈ 1 nm and < 1 nm respectively. The calculations based on the method of intercepts as given by Thiesen et al 19 resulted in feature heights of 1.5 nm and 0.6 nm for Q2 and Q3 crystals respectively. These measured and calculated heights were much less than the calculated penetration depths for various liquids for Q2 and Q3 crystals. All these observations point to the fact that inequality in R 2 and X 2 is just experimental and not due to any mass deposition or surface roughness effects.
While recording frequency scans, a cyclic variation (small decrease followed by an increase) in the values of G max was noted. Reddy et al 27 have attributed such cyclic variation in resistance (1/G max ) to the interference from a small component of longitudinal/compressional waves that is present in an AT cut crystal due to certain flexure modes, besides the predominant shear waves that are due to the shear vibration mode. To consider this effect, repeated frequency scans were conducted and data were recorded when a maximum was noted in the cyclic change in G max values. This method was kept uniform for all the solutions, and viscosity was calculated by using Equation 10 . To take into account the effect of a small inequality in calculated values of R 2 and X 2 , the following equation was used for calculation of viscosity as indicated by Mason et al and Barlow et al 5, 36 :
In case of R 2 and X 2 being equal, the equation reduces to the relationship given by Equation 9. The calculated viscosities, based on these parameters, were found to be reproducible and consistent with the viscosities reported in the literature (within experimental error). Besides, no significant difference was observed in the viscosities measured at 5 MHz and 10 MHz. This was expected as Newtonian fluids do not exhibit any change in measured viscosity with the frequency of measurement.
Before using this technique for mass and viscosity measurement one must be aware of the amount of load that can be safely placed on the crystal without affecting its accuracy. The loading has to be small such that the load impedance is not appreciable in comparison to the quartz impedance (small loading approximation). 15, 28 In the case of too much loading there is a reduction in the sensitivity of the frequency shift to the areal mass-density or density-viscosity product of the liquid load and ultimately a saturation is achieved in the frequency shift. 28 In such a case the BVD model is no longer valid and an advanced form of the same, the transmission-line model (TLM), has to be applied, which is more rigorous but time-consuming as well. Cernosek et al 37 have calculated the tolerance limits of the load for the small loading approximation to be valid and for the application of the BVD model to a vibrating quartz crystal. For mass deposits, this limit is reached at a deposit density of 5 mg/cm 2 . Stockbridge 38 suggested that the added mass should not be an appreciable fraction of the crystal mass and should be less than 1/10 5 of it. For liquid loaded resonators, small load limit is reached at viscosity density product of ~1000 g 2 /cm 4 /sec. These limits produce load mechanical impedance to quartz mechanical impedance ratio (Z s L /Z q ) in excess of 0.1 (≈0.17 and ≈0.2, respectively). Many authors consider a ratio of 0.1 to be reliable for accurate determination of parameters using the BVD model. Table 4 shows the results for viscosity measurement experiments conducted on aqueous solutions of PEG 8000. Viscosities have been calculated using Equation 10 and reported values of densities. A large negative variation can be noted between the reported low shear rate viscosities 39 and calculated viscosities. This negative variation increases with an increase in the wt% of PEG 8000 and also with the frequency at which the measurements are conducted, ie, the measured viscosities were lower for 10-MHz crystal as compared with 5-MHz crystal. Figure 6 shows the change in R 2 and X 2 values for PEG 8000 solutions and compares these with the trend for Newtonian sucrose solutions. With an increase in the density-viscosity product, the parameters for PEG 8000 show a curvature, whereas the parameters for sucrose solution follow a linear trend. There is a reduction in the parameter values from the expected values with X 2 showing a greater reduction than R 2 . The extent of reduction increases with the increase in the measurement frequency. This trend is typical for viscoelastic fluids that exhibit a component of stored energy at high frequencies and whose complex viscosity comprises a loss and storage component. The modulii are frequency dependent and storage modulus shows an increase with the frequency of measurement. Thus, at higher frequency a greater deviation is observed from the linear Newtonian behavior.
Deviation from Newtonian Behavior
For a pure Newtonian fluid, molecular reorientation or relaxation time (τ) is small enough even at high frequencies and the molecules are able to reorient themselves with the applied stress and all the applied energy is lost in the process as the fluid deforms with the applied stress. For such a system, the product ωτ is much less than unity. With an increase in molecular size, or concentration, of the solute the intermolecular interactions in the solution become intense and there is an increase in the "cohesiveness" of the system. This results in an increase in the relaxation time. As ωτ approaches unity, relaxation time approaches 1/ω and all the molecular motions are not able to relax or reorient in the timescale of a single oscillation. As a result, some energy begins to get stored in the system, and there is a decrease in the apparent viscosity of the system. Therefore, as ωτ >> 1 the fluid begins to get more viscoelastic and stores greater energy. The result of such a decrease in apparent viscosity is reflected in the decrease in R 2 and X 2 values as compared with Newtonian fluids in Figure 6 . However, X 2 values are found to be even lower than the R 2 values. The reason for this is the decrease in the fluid penetration depth. As the apparent viscosity decreases, so does the fluid penetration depth, which is proportional to the kinematic viscosity of the vibrating load. This implies that the effective load of the fluid that entrains with the crystal is reduced, resulting in further reduction of the frequency shift or L 2 or X 2 values.
From Figure 6 , 2 significant observations can be made. First, as the density-low shear rate viscosity product increases, there is an increasing deviation in both the calculated parameters, R 2 and X 2 , for PEG 8000 from the linear trend that is followed by Newtonian fluids like aqueous sucrose solutions. This has already been explained. Second, as this is happening, the difference between R 2 and X 2 also goes on increasing. This difference between R 2 and X 2 has been calculated to be a measure of the energy stored in the system and is proportional to the frequency-dependent storage modulus (G') of the liquid. The product of R 2 and X 2 is proportional to the loss modulus (G″) of the liquid. 40 Thus, as the concentration of PEG 8000 is increased, a greater storage component and a larger deviation of the loss modulus from the loss modulus of a Newtonian liquid (G″= ηω) will result. As frequency of measurement is increased, less time is allowed for the molecules to reorient. Therefore, a greater fraction of molecules is unable to relax or reorient and greater energy is stored in the system. Figure 7 shows the variation in the storage and loss modulii of PEG 8000 aqueous solution with concentration and frequency of measurement. At both the frequencies used for measure- ment, the loss modulus is greater than the storage modulus. This is not surprising as viscoelastic solutions behave this way as long as they are in the liquid regime. As the liquid begins to set into a gel, there is an increase in the cross-link formation in the system and the storage modulus begins to exceed the loss modulus. In addition, the storage modulus is higher at 10 MHz as compared with 5 MHz because of greater storage at higher frequency as has been explained.
Such deviations from a Newtonian behavior, as illustrated by Figures 6 and 7 , not only emphasize the dynamic nature of fluids at high frequencies but also lends support to the necessity of measuring resistance shifts in addition to frequency shifts, instead of only the latter, while analyzing liquids for their rheological behavior. Together, both these shifts enable us to distinguish between pure viscosity and viscoelastic effects in addition to simple mass effects.
These results indicate that quartz crystal impedance analysis for nondestructive rheological testing of fluids is a promising technique for assessing viscosity of Newtonian fluids at low microliter volumes. Consistent and reproducible viscosity analysis of aqueous Newtonian fluids can be conducted by ensuring adherence to certain experimental safeguards. These precautions need to be strictly followed due to high sensitivity of the quartz crystals to changes in the material load, electrode surface morphology effects, and interference from compressional vibration mode. Besides Newtonian fluids, this technique has also been used for rheological characterization of non-Newtonian viscoelastic fluids although not at such low volumes. We envisage further studies on viscoelastic as well as oil-based liquid solutions and suspensions to realize the true potential for the application of quartz impedance analysis in non-Newtonian fluid rheology analysis at low microliter volumes.
CONCLUSION
Quartz crystal impedance analysis can provide reliable assessment of fluid rheological properties at low microliter volumes by simultaneous measurement of frequency and resistance shifts. Measured values of viscosity for solutions of sucrose, urea, PEG 400, glucose, and ethylene glycol, at frequencies of 5 and 10 MHz, were found to be consistent with the values reported in the literature, whereas for PEG 8000 measured viscosity values were found to be less than the low shear rate viscosities reported in the literature. This deviation from the reported values arises due to the frequency dependence of the energy stored and lost during each cycle for a viscoelastic fluid.
